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Thisproject was funded by the Departmentof Energy,National EnergyTechnologyLaboratoryan agencyof the United
StatesGovernmentthrougha supportcontract Neitherthe United StatesGovernmentnor anyagencythereof, nor any of
its employeesnor the supportcontractor,nor any of their employeesmakesanywarranty,expressor implied, or assumes
anylegalliability or responsibilityfor the accuracycompletenessor usefulnesf anyinformation, apparatus product, or
processdisclosedor representsthat its use would not infringe privately owned rights. Referencehereinto any specific
commercialproduct, process,or serviceby trade name, trademark, manufacturer,or otherwise does not necessarily
constitute or imply its endorsement,recommendation,or favoring by the United States Governmentor any agency
thereof Theviewsand opinionsof authorsexpressedereindo not necessarilystate or reflect those of the United States
Governmentor anyagencythereof.




Addressing the Advanced Energy Materials Program GoalE
TL

A Advanced Materials Development for Hydrogen Service

A Environmental Barrier Coatings (EBCs) for Ceramic Matrix Composites (CMCs) in hydrogen
turbines

A Steels for high -temperature hydrogen service
A Transformational high -temperature (850 &1,000 C) Ni-based superalloys

A Advanced Manufacturing of Structural Materials
A Robust domestic high performance alloy supply chain
A Reduce the costs of Ni -based super alloys and enhance cyclic capabilities of materials

A Cost-effective manufacturing and performance optimization of hydrogen resistant superalloys
through Wire -Arc Additive Manufacturing (WAAM)

A Performance of Advanced Materials for Advanced Energy Systems
A Impacts of hydrogen on materials performance and safety
A Design tool for life prediction of CMCs and T/EBCs in hydrogen turbines
A Expand performance prediction tools to hydrogen effects
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Environmental Barrier Coatings for Protection of Ceramic
Matrix Composites in Hydrog&ased Turbines
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Design and Evaluation of Environmental Barrier Coatings for Prc
of Ceramic Matrix Composites in Hydro@&sed Turbines

Objective:Design and validate environment barrier coatings
(EBCs) for protection of ceramic matrix composite (CMC)
materials in the hottest portions of gas turbines fueled by pure T e o | ] t
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hydrogen or hydrogen blends. \ o AR L HrrW"'“J""--.owm\i" |
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U Generate performance data to inform the use of current
EBCs in hydrogen gas turbines.

u Design new EBCs with improved performance needed to
enable future higkefficiency hydrogen gas turbines.

By producing performance data of existing EBCs
and designing new EBCs with increased durability
in hydrogen combustion environments, this project
will help to commercialize higkefficiency hydrogen
gas turbines.
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Developing Capabilities for EBC Testing

Milestone: Design and build a test rig to enable EBC testing in
simulated hydrogen combustion environmenifort Ongoing

Simulating gas turbine environments is challenging:
A Ultrahigh temperature (1500C +)
A Complex gas mixtures Gas Oyt
A Elevated pressure
A High gas velocities
A Thermal cycling

This lasebased heating rig will closely simulate gas turbine \@66
environments to enable performance evaluation of existing ard
newly designed coatings.

Milestone: Establish a partnership to deposit EBCs using air plasma

spray methodsComplete

A A partnership has been established with Praxair Surface Technologies,
a leading producer of coating equipment and services.
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Computational Design of New EBCs
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Approach:Utilize DFT calculations with combinatorial chemistry methodology to design new EBC systems

Initial FocusRare earth disilicate system
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Computational Design of New EBCs N=|Manona
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1 Turceret al., Scripta Mater. 154 (2018)

Promising new coating compositions identified in
the rare earth disilicate system:
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Milestone: Design new EBC with enhanced performan

~ 24 NETL results %YYY$E§§§ x- using computational approacktomplete (and ongoing!)
NI Future efforts will focus on:
=, 3 ‘ A Experimental validation and performance testing.
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Design tool for craefesistant ceramic matrix composites and
environmental barrier coatings in hydrogen turbines

Objective Develop physiecbased computational models to predict fracture and crack growth in
ceramic matrix composites (CMCs) and environmental barrier coatings (EBCs) and provide
guidance for materials design in hydrogen turbines targeting adasdson economy.

Program LinkagePredicting capability of damage and fracture in CMCs and EBCs facilitates
public confidence and welfare by supporting safety analyses regarding hydrogen blending,
development of materials compatible with hydrogen that ensure the safe use of hydrogen in
hydrogen turbines.

ChallengePhysicshased modeling is largely missing for predicting life of CMCs and EBCs due to
the complex interactions among various factors. For CMCs, it is required to integrate interfacial
sliding, matrix cracking, and fiber breakage in CMCs as well as the effect of thermal cycling and
possible phase transformation. For EBCs, it is required to consider crack growth and spallation
of EBCs under the influence of thermal cycling and environmental effects.

Our ApproachDevelop firstof-its-kind models for fracture and cracking of CMCs and EBCs in
hydrogen turbines incorporatingxplicitlythe effects of materials microstructure and operating
conditions.
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Outcome Computational tools for CMCs and EBCs microstructure optimization for hydrog€heng et alint J. Plast(2019)
turbines Xue et alnpj Comput. Mater(2022)

Xue et allJHH2023)
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